Background--In US clinical practice, many patients who undergo placement of an implantable cardioverter-defibrillator (ICD) for primary prevention of sudden cardiac death receive dual-chamber devices. The superiority of dual-chamber over single-chamber devices in reducing the risk of inappropriate ICD shocks in clinical practice has not been established. The objective of this study was to compare risk of adverse outcomes, including inappropriate shocks, between single-and dual-chamber ICDs for primary prevention.
A mong patients receiving an implantable cardioverterdefibrillator (ICD) for primary prevention of sudden cardiac death, a central decision is whether to implant a single-or dual-chamber device. Dual-chamber devices are appropriate in patients who require pacing. However, they are used in more than half of patients without a pacing indication, a practice that varies widely by institution and is largely unrelated to patient characteristics. 1, 2 Compared with single-chamber devices, dual-chamber devices are more complex and costly and are associated with more complications and no difference in hospitalizations or mortality. 3 Yet, dual-chamber devices may theoretically offer improved arrhythmia discrimination and reduction in inappropriate therapies. Dual-chamber ICDs might be used in patients without an indication for pacing in the hopes of reducing the risks of inappropriate shocks, an important complication that can cause pain, anxiety, depression, and impaired quality of life. 4, 5 Further, inappropriate shocks may be proarrhythmic and are associated with higher mortality. [6] [7] [8] The most common cause for inappropriate shocks is supraventricular tachycardia incorrectly identified by the device as a lethal ventricular tachyarrhythmia. 9 Dual-chamber ICDs may have enhanced arrhythmia discrimination, which, in theory, might reduce inappropriate shocks caused by supraventricular tachycardia. However, existing data regarding the benefits of dual-chamber devices with respect to inappropriate therapies are inconclusive. [10] [11] [12] [13] [14] [15] [16] [17] Accordingly, the primary aim of this study was to compare the risks of inappropriate ICD shocks between single-and dual-chamber devices among patients without an indication for pacing in the LS-ICD (Longitudinal Study of Implantable Cardioverter-Defibrillators), 18 in a community-based cohort of patients receiving primary prevention ICDs. We further evaluated outcomes of hospitalization and death.
Methods Data Sources
The Cardiovascular Research Network (CVRN) LS-ICD has been previously described in detail. 18 The data for this study were derived from: (1) the National Cardiovascular Data Registry (NCDR) ICD Registry; (2) the CVRN virtual data warehouse, which includes information from each health plan's electronic medical record and administrative databases; and (3) a database of ICD-delivered therapies. Pacing indications, device type, clinical characteristics, and provider characteristics were collected from the NCDR ICD Registry. 19 The NCDR implements a data quality program that includes data and range checks, outlier analysis, and random audits. 20 All hospitals participating in this study report data to the NCDR on all ICD implants regardless of payer or indication. Data on outcomes of hospitalization and death were obtained from the CVRN virtual data warehouse. Data on inappropriate shocks were obtained from the ICD therapy database. 18 In brief, data on arrhythmia episodes resulting in device therapies were collected from device interrogation reports and medical records at the study sites. Board-certified electrophysiologists reviewed intracardiac electrograms and relevant clinical notes to adjudicate each therapy as appropriate, inappropriate, or uncertain. Two adjudicators reviewed each therapy independently. Discrepancies in appropriateness determinations were resolved by conference of reviewer pairs or review by an additional adjudicator. Institutional review boards at participating sites approved the study and a waiver of informed consent was obtained because of the study design.
Study Population
Consecutive adult patients (aged >18 years) undergoing firsttime ICD implantation for the primary prevention of sudden cardiac death in 15 hospitals within 7 integrated healthcare delivery systems in the CVRN between January 1, 2006, and December 31, 2009 (n=2787) were identified. We excluded patients not enrolled in one of the 7 CVRN health plans at the time of implantation (n=431), those with a left ventricular ejection fraction >0.35 (n=57), those with a prior tachycardic arrest (n=34), and those who received a biventricular device (n=722). We further excluded those with a documented indication for pacing (n=501). Pacing indications were ascertained from NCDR data and included: second-or third-degree
Clinical Perspective
What Is New?
• In this large observational study of a contemporary population of patients receiving an implantable cardioverterdefibrillator for primary prevention who did not have an indication for pacing, there was no association between the use of a dual-chamber defibrillator compared with a singlechamber device with respect to the risk of inappropriate shocks, hospitalization, or death.
What Are the Clinical Implications?
• Given the higher costs and known higher risks of complications associated with dual-chamber devices, this study does not support their use in patients receiving a primary prevention ICD when there is no indication for pacing.
heart block, previous bradycardic arrest, abnormal sinus node function, or a documented paced rhythm. The final analytic cohort included 1042 patients (Figure 1 ).
Outcomes
The primary outcome was time to first inappropriate shock. Therapies were deemed appropriate, inappropriate or uncertain using standardized definitions developed by the expert panel based on literature. Follow-up time for device therapy was as long as 3 years. Secondary end points included time to all-cause hospitalization, heart failure hospitalization, and all-cause death. Hospitalizations were ascertained from the virtual data warehouse, which includes diagnoses for all hospitalizations, including those outside of health plan facilities. Heart failure hospitalizations were identified using the principal discharge diagnosis 
Patient Characteristics
Patient characteristics included demographics, reason for admission at time of implant, cardiovascular history, family history of sudden death, comorbidities, laboratory values and systolic blood pressure at the time of implantation, and cardiovascular studies (electrophysiology study performed [yes/no], left ventricular ejection fraction, QRS duration, QRS morphology, first-degree atrioventricular block). Heart failure medications prescribed at discharge following device implantation were also considered, as they are known to influence mortality and hospitalization outcomes and may also influence inappropriate shocks.
To avoid case-wise deletion, missing values were imputed. Variables were generally missing infrequently (<0.5%); in these cases, continuous variables were imputed using the median value of known measurements in the population and categorical variables were imputed as the most common response in the population. Because atrioventricular conduction (6.0%) and intraventricular conduction (5.9%) were more frequently missing, a dummy variable for missing status was employed. Device setting data were available in 971 (93.2%) patients. Device settings were abstracted from surgical implant notes and device interrogation reports and included arrhythmia detection enhancements (on/off) and the tachycardia rate threshold for delivery of ICD therapy. The lowest programmed rate threshold, regardless of arrhythmia detection zone, was categorized as <180, 180 to 199, and >200 beats per minute. When available, settings at the time of implant were considered. If device settings were missing at the time of implant, but available by interrogation report at the time of inappropriate shock, those settings were considered.
Statistical Analysis
Baseline characteristics of patients receiving single-and dualchamber devices were compared using t tests for continuous variables and chi-square tests for categorical variables. Death was considered as a competing risk for inappropriate shock and hospitalization outcomes. Cox regression was used to estimate the cause-specific hazard of device-type effects. The crude hazard ratios (HRs) and corresponding 95% confidence intervals (CIs) were estimated accounting for clustering by hospital by including hospital as a random effect.
To create more comparable treatment groups, we fit a propensity score model using logistic regression for treatment with a dual-chamber (versus single-chamber) device, and then applied the stabilized inverse probability of treatment weight in the analysis of outcomes. In the propensity of treatment model, the linearity and function forms of continuous variables were verified by graphic evaluation. Colinearity among variables was also examined. The probability that a patient received a dual-chamber ICD was modeled as a function of the patient, clinician, and hospital characteristics in Table 1 , except for medications prescribed at discharge, which were subsequently accounted for in Cox models. Hospitals were included as a random effect in the propensity model to account for the clustering of patients within the same hospitals. The propensity score model was evaluated for its overlap of propensity score distribution. Because of a few outliers of propensity score in our cohort, the trimmed stabilized inverse probability of treatment weight was calculated for each patient. The trim was based on 5 and 95 percentiles of propensity scores. All patients were included in the weighted analysis. Standardized differences were examined in the weighted sample to assess the balance of measured baseline covariates between patients receiving single-and dual-chamber ICDs. Small absolute differences in standardized mean differences (<0.10) support the assumption of balance of observed variables between treatment groups. 21 The associations of ICD type with the outcomes were evaluated in multivariable Cox proportional hazards models using trimmed stabilized weights. Models further adjusted for unbalanced covariates as well as medications (b-blockers, angiotensin-converting enzyme inhibitors or angiotensin II receptor blockers, and spironolactone) prescribed at discharge because these therapies could influence future risk of inappropriate shock. To account for clustering of patients by hospital, frailty models were used with hospital included as a random effect. For inappropriate shock, patients were not censored if they had an appropriate or uncertain shock. For the outcomes of time to first inappropriate shock and allcause hospitalization, patients were censored at health plan disenrollment or death. For the outcome of death, patients were censored at the time of last documented encounter regardless of the continuity of health plan enrollment. The proportional hazards assumption for ICD treatment was evaluated by testing the interaction of treatment and time. A secondary analysis of time to first inappropriate shock was performed including device settings in the model. Because 13.5% of shocks (51/377) were classified as uncertain by the adjudication panel, a sensitivity analysis was performed. In the "best-case" scenario (an assumption favoring dual-chamber devices), all uncertain shocks among dual-chamber devices were classified as appropriate and all uncertain shocks among single-chamber devices were classified as inappropriate. In the "worst-case" scenario (an assumption favoring single-chamber devices), all uncertain shocks among dual-chamber devices were classified as inappropriate and all uncertain shocks among single-chamber devices were classified as appropriate. All statistical analyses were performed using SAS version 9.4 software (SAS Institute Inc).
Results
The study population consisted of 1042 patients receiving a first time primary prevention ICD with no pacing indication. There were 563 (54.0%) single-chamber devices and 479 (46.0%) dual-chamber devices, with use of dual-chamber devices ranging from 8.4% to 85.8% by site. Patients who received dual-chamber devices were older; more likely to be black or Hispanic; have a history of chronic lung disease, hypertension, ischemic heart disease, or ventricular tachycardia; and have first-degree atrioventricular block and a wider QRS duration (Table 1 ). In the weighted sample, the absolute value of standardized difference in measured covariates between device types was <0.10 for all except 3 of the 33 total variables (Table 2) .
During a median follow-up of 2.0 years for device therapies, 17.3% received any shock, 6.6% (n=69) received at least one inappropriate shock (6.9% for single versus 6.3% for dual, We also performed secondary analyses assigning all uncertain shocks as appropriate or inappropriate as specified above. In the best-case scenario for dual-chamber devices, there was a lower hazard of inappropriate shock with dualchamber devices, but the difference was of marginal statistical significance (HR, 0.67; 95% CI, 0.45-1.00 [P=0.05]). In the worst-case scenario, dual-chamber devices were not 
Discussion
In this cohort of patients without an indication for pacing receiving an ICD for primary prevention in clinical practice, the use of a dual-chamber device was not associated with significantly lower risks of inappropriate shock, death, or hospitalization. Even after accounting for device programming, inappropriate shocks did not differ between single-and dual-chamber devices. These results have important implications for the standard of care for patients receiving primary prevention ICDs.
Randomized trials of single-versus dual-chamber devices to reduce inappropriate therapies have been inconclusive. [10] [11] [12] Similarly, clinical trials comparing settings that simulate a single-chamber device with settings that utilize both leads among patients who have all received dual-chamber devices are also conflicting.
14-17 A limitation and one potential explanation for the variable results of these trials is that they included patients who received an ICD for secondary prevention. Arrhythmia characteristics and shock rates may differ among patients with secondary prevention, among whom ventricular tachycardia tends to occur at a slower rate with greater overlap with supraventricular tachycardia. 9 This limits the value of these trials in directing device selection in patients who receive devices for primary prevention, who comprise the majority of patients undergoing device implantation. 23 A recent trial limited to patients with primary prevention without a pacing indication and using standardized optimal programming strategies for single-and dual-chamber ICDs found a 2% inappropriate shock rate over 1 year and no difference between single-and dual-chamber devices. 13 Another potential explanation for the mixed results of prior trials is differences in the programming of devices. Recent trials of programming strategies demonstrate that higher detection rates and longer detection intervals reduce inappropriate therapy and mortality among primary prevention patients. 24, 25 These advanced programming strategies to reduce shock burden were not used in previous comparisons of dual-versus single-chamber ICDs. However, these effective programming strategies do not require a dual-chamber device.
Although the programming strategies have evolved since the time the devices in this study were implanted, one would expect any benefit of dual-chamber devices to be more apparent in a cohort with older programming strategies. Our study was not designed to evaluate the mechanistic performance of single-versus dual-chamber rhythm discrimination, but rather to evaluate the real-world effectiveness and outcomes of a treatment strategy of dual-chamber selection. As such, our findings add materially to the current understanding of the role of dual-chamber devices in reducing inappropriate shocks among primary prevention recipients in contemporary community practice. Data comparing single-and dual-chamber devices with regard to inappropriate shock in clinical practice are also limited. A report from the Danish ICD Registry of 1609 patients receiving primary prevention ICDs from 2007 to 2011 found a higher risk of inappropriate shock with dual-chamber compared with single-chamber devices. 26 However, device settings were not collected, the population was not limited to those without a pacing indication, and patients who received cardiac resynchronization therapy were included. Another report from a French registry of 2538 primary prevention devices implanted from 2002 to 2012 found a higher rate of procedural complications and generator replacements with dual-chamber devices and no differences in appropriate shocks, inappropriate shocks, or mortality. However, the registry did not exclude those with pacing indications; no adjustment was made for patient, provider, or hospital characteristics; and device programming was not collected in the registry. Thus, our study expands the current understanding of the outcomes of patients undergoing the strategy of dual-chamber devices in contemporary practice in the United States. Given the higher cost of dual-chamber devices, the absence of benefit in outcomes suggests that the use of dual-chamber devices without a pacing indication does not represent highvalue health care. Despite the absence of compelling evidence to support the use of dual-chamber ICDs, they are used in a large proportion of patients in the United States who receive primary prevention ICD therapy who do not have an indication for pacing. 1 The routine implantation of single-chamber ICDs rather than dual-chamber devices could save an estimated $200 million annually in the United States. 13 The costs of generator replacements, complications, and lead replacements should also be considered, as battery life is typically shorter, complications are more common, and the potential for lead failure is greater with dual-chamber devices. 1, 27 Our study provides additional information that in real-world settings, dual-chamber devices do not reduce inappropriate shocks. Additional evidence is needed to identify the subset of patients who systematically benefit from dual-chamber devices, which would greatly improve the cost-benefit ratio of this therapy. An important observation in our study was the relatively low rate of inappropriate shocks compared with the rates reported in the primary prevention trials that were published a decade or more ago. 28, 29 The lower shock rate observed in more contemporary cohorts may be related to optimized programming such as higher rate detection thresholds. 26, 30 The lower rates of inappropriate shock in contemporary practice, while beneficial to patients, increase the challenges of demonstrating the benefits of additional interventions such as dual-chamber devices. However, given the greater cost and risk, the benefit of dual-chamber devices should be proven to justify their use. Based on data from randomized controlled trials, in which the inappropriate shock rate was %20%, this sample size provided 80% power to detect a minimum absolute difference in rates of 7.3%. However, the rate of inappropriate shock in this cohort was much lower. With our sample size and observed inappropriate shock rate of 6.6%, we had 80% power to detect a minimum absolute difference of %4.5%. The low rate of inappropriate shock in our study highlights the challenges in identifying the benefits of strategies designed to further reduce the risks of inappropriate shocks. Ultimately, treatment strategies associated with higher costs and complications should be proven effective before they are widely implemented. In the case of dual-chamber ICDs among patients without pacing indications, the proof of effectiveness in improving outcomes, including inappropriate shocks, is not available.
Study Limitations and Strengths
The results of this study should be interpreted in the context of the following limitations. First, 38 patients received at least one shock for which the appropriateness of shock therapy was uncertain based on available interrogation and clinical record data. However, results were consistent in a sensitivity analysis assigning uncertain shocks based on best-case and worst-case scenarios. Further, the availability of adjudicated shock data is a significant strength of this study and is unique to this clinical practice population. Second, programming of devices was not standardized. However, we were able to account for programmed detection rate and discrimination algorithms among a large subset of the cohort studied. Similarly, longitudinal data on device settings were not available. However, implant settings remain relevant for the outcome of time to first inappropriate shock. Reprogramming of the device may occur at any time but is more likely following an inappropriate shock. Third, follow-up was limited to up to 3 years, while the risk of inappropriate shocks persists over a lifetime. However, the median follow-up of 2 years is aligned with other studies of outcomes in patients with left ventricular systolic dysfunction. Third, we did not capture lead or generator revisions. Within the follow-up time, patients may have undergone lead or generator revisions, including upgrades from single-to dualchamber devices or to cardiac resynchronization therapy. However, we expect the rate of revisions for the purpose of upgrade to be low within this time frame. Finally, selection bias may be present in those who received single-versus dualchamber devices because treating physicians may have been more likely to implant a dual-chamber device in patients who they felt might have a greater need for rhythm discrimination. Thus, the similar rate of inappropriate shock observed between single-and dual-chamber devices in this study may not be the same if patients were randomized to single-or dualchamber devices. However, propensity score weighting should mitigate this concern. Similarly, the data are observational and residual confounding by unmeasured confounders cannot be fully excluded despite our ability to account for a wide range of measured potential confounders.
Conclusions
Among a cohort of patients without pacing indications who received an ICD for primary prevention in contemporary community practice, dual-chamber ICDs were not associated with a lower risk of inappropriate shocks, hospitalization, or death. This study adds to the literature comparing singleversus dual-chamber ICDs with regard to inappropriate shocks, informing the selection of devices in patients undergoing primary prevention ICD therapy and supporting the use of simpler, less expensive single-chamber devices unless a compelling indication for pacing is identified.
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